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The commercial multi-mode optical fiber was coated with magnetic composite material 
prepared using Nd-Fe-B permanent magnet powder dispersed in poly (ethylene-co-vinyl 
acetate)-EVA. Characterization of microstructure, thermal stability and mechanical 
properties of the composite coatings with different Nd-Fe-B powder content were 
performed using Scanning Electron Microscope (SEM), Differential Scanning Calorimetry 
(DSC), and standard tensile tester, respectively. Experimental results show that composites 
with higher content of Nd-Fe-B powder have improved thermal and mechanical properties. 
Propagation characteristics of the constructed optical fiber magnetic sensing element 
(OFMSE) in the external magnetic field were investigated in relation to quality and 
composition of the applied composite coatings. The attenuation of optical signal with 
applied external magnetic field intensity was monitored and the results suggest that the 
sample with 50 wt-% of Nd-Fe-B provides the greatest sensitivity of the sensor element. 
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1. Introduction 
 
In recent years, there has been a surge of research interest in the field of smart 
multifunctional materials.[1,2] Generally, the types of materials that are very useful in technology 
applications are those that change one of their properties: shape, electrical, magnetic, and optical, 
in response to an external stimulus like temperature, stress, applied fields etc. If the resulting 
change in properties of the multifunctional material follows a simple mathematical function of the 
change in stimulus than it can be used to measure and control the stimulus itself. In practice, such 
materials can be used for sensing and actuation simultaneously.[3] 
In case of intensity-based fiber optic sensors there are many transduction mechanisms that 
can cause the change in light intensity when light passes through an optical fiber. These 
mechanisms may include: micro bending loss, breakage, fiber-to-fiber coupling, modified 
cladding, reflectance, absorption, attenuation, molecular scattering, molecular effects or 
evanescent fields.[4] 
Modification of optical fibers by application of different coatings can alter their 
propagation characteristics and general behaviour of the material in different environments. 
Magnetostrictive or metal jacket deposited on the fiber could induce change of the optical phase 
when immersed in a magnetic field due to strain or Lorentzian force, respectively [5,6], e.g. iron 
film deposited on a side-polished fiber Bragg grating would shift the reflective wavelength of the 
fiber grating as a result of the strain induced by applied magnetic field.[7,8]. 
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The optical fiber magnetic sensing element (OFMSE) based on the optical fiber coated 
with polymer– magnetic powder composite coating has been already introduced in magnetic field 
sensing. [9-12] Essentially, a fiber end was coated with a magnetic composite material and butt 
coupled to another optical fiber with its original cladding. When the fibers are collinear the light 
passes throw both and the signal is stable. Under the influence of the applied external magnetic 
field the fiber with magnetic composite coating is displaced and the optical coupling between the 
fibers changes with this transverse displacement. The sensitivity of OFMSE is not depending on 
the wavelength of the light because the intensity of signal is modulated just due to changing of the 
direction of propagation. 
Composite magnetic coating is very important part of the OFMSE. A polymer matrix 
protects the optical fiber and preserves its mechanical properties, while the magnetic particles in 
composite have functional role - sensing of external magnetic field.[13] Polymer matrix provides a 
good magnetic isolation for the hard magnetic particles and restricts its oxidation.[14-17] The 
magnetic component of the composite coating can be selected from a variety of permanent 
magnetic powders (hard ferrite, Sm-Co, Nd-Fe-B).[18] For the presented investigations Nd-Fe-B 
permanent magnet powder was dispersed in poly (ethylene-co-vinyl acetate)-EVA. 
When considering Nd-Fe-B/polymer magnetic composite materials as an optical fiber 
coating, the balance between magnetic properties and corresponding mechanical and thermal 
behaviour becomes an important issue.[19,20] Since structure, thermal, magnetic and mechanical 
properties of the composite coating strongly affect sensitivity of the OFMSE to external magnetic 
field characterization and testing of the starting components and composites with different 
composition was performed in this work as well as investigation of sensitivity of the OFMSE to 
external magnetic field. 
 
 
2. Experimental 
 
As a magnetic component of the composite coating, powder of rapid quenched and 
optimally annealed Nd rich Nd14-Fe79-B7 alloy was used. Since mean particle size of the starting 
Nd-Fe-B powder was between 100 and 150 μm, in order to use it as a magnetic component in the 
composite coating, the Nd-Fe-B powder was milled under protecting inert fluid toluene for 2.5 
hours and subsequently dried at room temperature in argon atmosphere. Characterization i.e. 
morphological tests of the magnetic powder was carried out before and after milling using 
scanning electron microscopy (SEM) (JEOL JSM-5800). Image analysis was done with 
corresponding software.[11] Magnetic properties of the Nd-Fe-B alloy were measured at ambient 
temperature using Quantum Design MPMS 5XL Superconducting Quantum Interference Device 
(SQUID) magnetometer with magnetic field strength in range −4 to 4 MAm-1. 
As a polymer matrix of composite EVA - poly (ethylene-co-vinyl acetate) produced by 
DuPont under commercial name ELVAX 265 was used in a form of a toluene solution with 33.33 
wt-% of polymer. By using EVA, it was possible to produce coating without the application of UV 
or thermal curing process, thus reducing the number of process parameters. After dissolving EVA 
in toluene, magnetic powder was dispersed in the solution using ultrasonic mixing at 60 C. Three 
different composite compositions with: 20, 30 and 50 wt-% of magnetic powder were processed. 
Fourier transform infrared (FTIR) - spectrum of the Nd-Fe-B powder, pure EVA and 
composites was obtained using FTIR transmission-KBr disk spectroscopy (Hartmann & Braun, 
MB-series). The scanning range of FTIR was between 4000 and 400cm−1 with a resolution of 4 
cm−1. 
Thermal properties of the starting magnetic powder, pure EVA and synthesized 
composites were investigated employing the DSC technique using TA Instruments SDT Q-600 
thermal analyzer. All experiments were performed under dynamic nitrogen atmosphere of a flow 
rate of 100 ml/min, in a temperature interval ambient temperature to 1000°C at a heating rate of         
20 °C/min. 
The tensile testing of Nd-Fe-B-EVA magnetic composites was performed. The samples 
were processed by Laboratory mixing moulder, Dynisco, USA and subsequent tensile tests were 
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carried out using Universal hydraulic tensile-compressive testing machine, Instron 1332 with 
applied load of 100 kN according to ASTM standard D 3039-00.[22] 
For the purpose of testing of functionality of the composite magnetic coatings under 
external magnetic field the optical fiber magnetic sensing element (OFMSE) containing studied 
composite coatings was produced. Construction of the OFMSE and the testing procedure that was 
used is identical to one used in previous experimental work.9-12 As the OFMSE belongs to a class 
of Intensity Based Fiber Optic Sensors, a normalized modulation index (m) can be defined as:[23] 
 
      Am
P
      (1) 
 
Where, ΔA (dB) is change of optical signal attenuation, and P (T) is external magnetic field 
strength. 
 
 
3. Results and discussion 
 
Magnetic properties of the used Nd-Fe-B magnetic powder are illustrated by 
corresponding hysteresis loop presented in Fig. 1, obtained by measurements on SQUID 
magnetometer. 
 
 
Fig. 1. SQUID hysteresis loop of used Nd-Fe-B powder 
 
 
The shape of the obtained hysteresis loop corresponds to an almost monophase structure of 
the alloy in the optimized state with dominant content of main Nd2-Fe14-B hard magnetic phase 
(up to 95 wt-%) determined by structural and phase analysis given in24-27 and demonstrates its hard 
magnetic quality. 
 
3.1 SEM investigations 
SEM images of a polymer magnetic composite material are presented in Fig. 2. Image 
analysis revealed that the mean size of magnetic particles is about 5 μm. It is obvious that the 
agglomeration of particles is present and that the surface is very rough. This can be attributed to 
the applied coating process and attraction between magnetic particles. 
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Fig. 2. SEM micrographs of magnetic polymer composite with 20 wt-% of magnetic powder. 
 
 
3.2 Fourier transformed infra-red spectroscopy 
In order to determine whether there are any chemical reactions between magnetic powder 
and polymer matrix in composite, FTIR analysis was carried out for pure powder, polymer and 
produced composites. In the FTIR spectrum of EVA (Fig. 3) the characteristic band of C-O 
stretching of ester is observed in 1245 cm-1. The band at around 1460 cm-1 is due to the CH2 
scissoring and bands at around 1744 cm-1 stand for C=O stretching of ester. The characteristic 
bands at 2848 cm-1 and 2928 cm-1 correspond to C-H symmetric stretching and asymmetric 
stretching of CH2 or CH3, respectively. In the Nd-Fe-B FTIR spectrum bands for vibrating of Fe 
(570 cm-1) and B (1060 cm-1) bonds are observed as well as O-H deformation of moisture water at 
1619 cm-1and O-H stretching of water at 3437 cm-1.  
Since these characteristic peaks can be observed in FTIR spectrum of the composite EVA- 
50 wt-% Nd-Fe-B (Fig. 3) and no additional peaks are present, it can be assumed that are no 
chemical reactions between powder and EVA polymer. 
 
 
Fig. 3. FTIR spectra of EVA, Nd-Fe-B powder and composite 
 
 
3.3 Thermal analysis 
Thermal analysis was carried out in order to investigate whether presence of the used 
magnetic powder will modify thermal behaviour of polymer and composite in general, which 
could influence subsequent coating process and functional properties of OFMSE. Thermal 
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behaviour of the Nd-Fe-B powder, EVA polymer and composite was investigated by DSC (Fig. 4). 
Obtained DSC curve of the Nd-Fe-B powder shows the Curie point (Tc) of the main hard                  
Nd2-Fe14-B magnetic phase of the used magnetic powder at 316°C.[28,29] After this 
transformation, two reactions are detected: at 596°C (T1cr) and 669°C (T2cr) which can be attributed 
to the crystallization of the remnant amorphous phase within the Nd-Fe-B alloy.[29] 
 
 
  
Fig. 4. DSC of a) pure EVA, and b) Nd-Fe-B/EVA composites 
 
 
EVA DSC curve shows a melting temperature (Tm) near 81C. It can be seen that melting 
temperatures of the composites are lower than those of the pure EVA. The melting behaviour 
where the Tm depression occurs by the addition of Nd-Fe-B nanoparticles is already reported 
elsewhere.[30-33] On heating the virgin EVA decomposes within the temperature range of                 
270 – 520°C in N2 atmosphere: The first stage (340 – 420°C) is attributed to the evolution of acetic 
acid due to the decomposition of vinyl acetate groups. The second step (450 – 520°C) corresponds 
to degradation of the polyethylene chains, which has been ascribed to the breakdown of the cross 
linked polyethylene structure into volatile products. This has been attributed to the formation of a 
graphite-like structure [34]. DSC curves for the composites are following the same transitions as 
for pure EVA. 
 
3.4 Mechanical properties – tensile testing 
Mechanical tests were carried out on the separate bulk samples of pure EVA and 
composites i.e. not as a coating on the optical fiber. The obtained experimental results of 
mechanical testing, presented in Fig. 5 and Table 1, illustrate change of elasticity of composites 
with different powder content.  
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Fig. 5. Tensile strength curves for composite coating materials with different  
Nd-Fe-B content and pure EVA polymer. 
 
 
Table 1. The values of E and σ taken from stress – strain diagram 
 
Nd-Fe-B / wt-% E / MPa σ / MPa (at ε = 200%) 
0 14.31 1.01 
20 20.05 4.23 
30 20.31 4.52 
50 78.11 5.45 
 
 
The composites were found to have higher values of modulus of elasticity than pure EVA 
polymer and from the presented results of the tensile tests it is obvious that the tensile strength and 
modulus of elasticity (E) of composites increases with an increase of the magnetic powder content. 
EVA shows the pure viscous-elastic response to the load, time dependent, while higher content of 
powder in composite coating led to higher values of modulus of elasticity and to higher share of 
pure elastic composite response to the load. Hence, the higher the content of the magnetic powder, 
the faster the signal response of the OFMSE. However, there is limit regarding the increase of the 
magnetic powder content in order to preserve flexibility of the coating. 
 
3.5 Sensitivity to external magnetic field 
The influence of the magnetic powder content in polymer composite coating on the 
propagation characteristics of OFMSE is studied. Analyzing the intensity of signals when the 
external magnetic field is applied, from maximal to minimal values (with increasing and 
decreasing values of magnetic field strength), diagram optical signal intensity versus changes of 
magnetic induction is obtained and presented in Fig. 6. 
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Fig. 6. Optical signal intensity versus magnetic induction changes for three investigated samples 
 
 
All three studied compositions of the coatings show good response to external magnetic 
field i.e. significant signal modulation. The presented relations of optical signal versus magnetic 
field strength i.e. magnetic induction are not linear. The range of maximal sensitivity exists for all 
tested samples e.g. for the sample with 50 wt-% in range from 134 up to 180 mT, for the sample 
with 30 wt-% from 242 up to 291 mT and for the sample with 20 wt-% from 313 up to 320 mT.  
Fig. 6 shows that optical signal intensity does not have the same values when magnetic 
field strength is increasing and/or decreasing. This is due to a fact that material has its own 
hysteresis and no collinear characteristic of the OFMSE. 
The values of modulation index m, calculated from the overall optical signal attenuation 
changes and overall applied magnetic field strength by equation (1) are presented in Table 2. Due 
to hysteresis characteristics of OFMSE (Fig. 6) m is calculated for both, increasing and decreasing 
magnetic induction. 
 
Table 2. The values of modulation index m 
 
Magnetic field 
direction A / dB Bm / mT m / dB mT-1 
 20 wt-% of Nd-Fe-B 
Increase 5,5 335 -0,016 
Decrease -4,6 328 -0,014 
 30wt-% of Nd-Fe-B 
Increase -17,1 286 -0,059 
Decrease -18,5 240 -0,077 
 50 wt-% of Nd-Fe-B 
Increase -15,3 182 -0.084 
Decrease 14,8 182 -0,081 
 
 
The calculated values of modulation index could find significance as a parameter for the 
switching application in the operating range of the OFMSE. It is obvious that the sensitivity of the 
OFMSE and m increase with an increase of the content of magnetic powder in composite coating. 
Therefore, by selecting the appropriate concentration of magnetic powder the range of maximal 
sensitivity of sensor element can be modulated. The obtained values suggest that the sample with 
50 wt-% of Nd-Fe-B provides the greatest sensitivity of the sensor element. 
However, since the OFMSE is intensity modulated sensing element, there are series of 
limitations imposed by variable losses in the system to be measured, that are not related to the 
effect of external magnetic field. Due to connectors and splices, micro and macro bending losses, 
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mechanical creep and misalignment of light source and detector, only the relative change in the 
optical signal intensity could be considered. Accordingly, further scrutiny and improvement in 
design and processing of the OFMSE are needed, particularly depending on the desired application 
of the element whether as a magnetic field linear sensor or a magnetic field switch. Very important 
fact is that the transmission properties of the optical fiber were not affected by the applied 
magnetic composite coating. 
 
 
4. Conclusions 
 
In this work the possibility of use the magnetic composite coating on optical fiber in 
magnet sensing element was investigated. In order to use the starting magnetic Nd-Fe-B alloy as a 
magnetic component in the composite coating it was initially milled into fine powder with 
particles diameter about 5 μm. The results of SQUID magnetic measurements indicate good hard 
magnetic properties of the selected Nd-Fe-B powder, which makes it a suitable material for 
making OFMSE. Mixture of magnetic powder and EVA polymers proved to be suitable for 
coating the fibers due to good adhesion, homogeneity and the magnetic properties. FTIR and DSC 
analysis of bulk composites were carried out to monitor the process of forming the coating. The 
results of FTIR measurements show that there are no chemical reaction and appearing the new 
bonds during forming the coating. DSC test depict that the thermal properties of polymers change 
slightly with the addition of powder. These results indicate that the magnetic composite coatings 
can be processed in an identical manner as the polymer coating when dragging the optical fiber. 
Although morphological analysis of the obtained polymer magnetic coatings shows 
agglomeration of the magnetic particles their quality was acceptable. Construction difficulties in 
sensory fibers alignment have not substantially affected the sensitivity of OFMSE. 
The best signal response was achieved with the composite coating with 50 wt-% of 
magnetic powder. Having in mind the obtained results, it can be said that this is promising 
functional composite material for magnetic field sensing since the composite coating can be made 
by adapting the existing process of manufacturing of optical fibers in stage in which polymer 
coating is applied to the drawn fiber. Instead of a solely polymer coating, a composite coating with 
particles of magnetic powder can be used. 
These results demonstrate the potential of a polymer magnetic coating for sensing of the 
magnetic field. However, the proposed fiber sensing element needs further improvement for 
possible sensing applications. 
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